ABSTRACT Giant HeLa cells, having a spread diameter of about 200 Ium, were briefly surface-labeled at 00C with '25I-labeled transferrin, low density lipoprotein, anti-HeLa cell antibody, or concanavalin A. The cells were washed at 00C, fixed, and autoradiographed. The distribution of grains when either antiHeLa cell antibodies or concanavalin A was used was roughly as expected: the cell surfaces appeared uniformly labeled. When either transferrin or low density lipoprotein was used, about half the labeled cells had a nonuniform distribution ofgrains. On round cells, the cell periphery was more densely labeled than the middle of the cell; on elongated cells, cell protrusions were often more highly labeled than the rest ofthe cell. The simplest interpretation ofthese results is that, during their endocytic cycles through these cells, the transferrin and low density lipoprotein receptors are returned to the cell surface at the cell's leading edge.
The distribution of particular proteins on the surface of cells in culture is usually fairly uniform. There are certain clear exceptions: for example, epithelial cells have different sets ofproteins on their apical and basolateral surfaces, regions separated by a tight junction (1, 2) . At a finer level (involving distances less than 1 gum), there also exist uneven distributions; for example, low density lipoprotein (LDL) receptors are concentrated in coated pits (3) , whereas some other surface proteins are essentially excluded from them (4) . In addition, some proteins on lymphocytes have a somewhat different concentration per area of membrane on a microvillus compared 'to the adjacent flatter surface (5) .
For reasons presented in the Discussion, I have looked at the distributions on the surface of substrate-attached giant HeLa cells oftwo "circulating" proteins-the receptors for transferrin and LDL-and compared these with two general surface markers-concanavalin A (Con A) and an anti-HeLa cell antiserum. The difference in distribution between these two sets of labels is remarkable. The two circulatingreceptors are frequently concentrated at the cell periphery, diminishing in concentration towards the middle of the cell-an unevenness that extends over a distance ofmany tens ofmicrometers. Con A and the antiHeLa cell antiserum decorate the surfaces of these cells more uniformly.
METHODS
Cells. The HeLa cell line used was kindly provided by L. J. Tolmach of Washington University. It was grown in Falcon flasks in Dulbecco's modification of Eagle's medium supplemented with glutamine, antibiotics, and 10% fetal calf serum. To induce giant cell formation (6, 7), a flask of cells was irradiated with 1,300 roentgens (250 .kV at 15 mA, half-value layer 2.3 mm ofcopper, distance of3 cm, rate of 530 roentgens/min; sinized and replated at a density ofabout 2 X 103 cells per cm . The medium was changed on day 3 to remove dead cells. On day 4 the cells were trypsinized and were replated in 25-cm2 Falcon dishes in the modified Eagle's medium containing glutamine, antibiotics, and fetal calfserum (for experiments shown in Fig. 1 ) and grown for a further 2 days. Alternatively, the cells were replated in medium containing 10% LDL-free human serum (8) to induce LDL receptors (for all experiments shown in Fig. 2 ). This replating on day 4 helps to remove a substantial background due to cell debris attached to the dish but does not otherwise affect the observations reported.
Labeling Reagents. Con A (Pharmacia), transferrin (from Sigma, and converted to the ferri derivative), and rabbit antirat IgG (Miles) were labeled with "2I by using chloramine-T at 0.25 mg/ml for 15 min. All steps were carried out at 00C. Transferrinand anti-rat IgG were labeled in 0.1 M sodium phosphate, pH 7.2, andCon A in 0.1 M sodium phosphate, pH 6.8, containing 0.01 M a-methyl mannoside. LDL was labeled by the iodine monochloride procedure (8) . Labeled Con A ('"ICon A) was dialyzed extensively against phosphate-buffered saline (Pi/NaCI), pH 6.8, and then passed over a Bio-Gel P-30 column (Bio-Rad) equilibrated with Pi/NaCl containing bovine serum albumin at 1 mg/ml (Pi/NaCl/albumin) with 1 mM NaN3. Labeled LDL (l25I-LDL) was dialyzed extensively against 0.15 M NaCI/0.3 mM EDTA, pH 7.2, and then passed over a Sephadex G-50 column (Pharmacia) equilibrated in 0.15 M NaCI/0.3 mM EDTA/0.02 M Tris'HCl, pH 7.4/1 mM NaN3/ 1 mg of bovine serum albumin per ml. All these reagents were held at 40C and used within 1 week.
Rat anti-HeLa cell antiserum was obtained from two rats injected with 5 x 106 well-washed HeLa cells each at day 1 and day 21 and then bled on day 50. Pooled serum from the rats before immunization served as a control for specificity of the antiserum. The dilution used was determined by testing serial dilutions of the serum on HeLa cells, followed by fluoresceinlabeled rabbit anti-rat IgG.
Cell Labeling. All procedures were carried out at 0C.
Transferrin. Dishes were washed twice in Pi/NaCl/albumin and labeled for 10 min in 2 ml of Pi/NaCl/albumin containing lmI'labeled ferri-transferrin (about 3,000 cpm/ng) at 10 Ag/ml, with or without unlabeled ferri-transferrin at 1 mg/ml. The cells were washed thrice in Pi/NaCl/albumin and once in Pi/NaCl and fixed in 2.5% (wt/vol) glutaraldehyde in 0.1 M sodium phosphate, pH 7.2, at room temperature for 1 hr.
LDL. The cells were chilled, and each dish was labeled for 10 min in 2 ml ofLDL-free growth medium supplemented with 0.02 M Hepes, pH 7.3, and 125I-LDL(1,000 cpm/ng) at 25 Ag/ Abbreviations: Con A, concanavalin A; LDL, low density lipoprotein; P1/NaCl, phosphate-buffered saline; Pi/NaCl/albumin, Pi/NaCl containing bovine serum albumin at 1 mg/ml.
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Proc. Nati Acad. Sci. USA 80 (1983) 455 ml with or without LDL at 1.5 mg/ml. The cells were washed thrice in 0.15 M NaCl/O.02 M Tris-HCl, pH 7.4/1 mg ofbovine serum albumin per ml and once in PJ/NaCl and fixed as above.
Con A. In an attempt to help reduce background binding to the dish, the cells were incubated for 15 min at 37TC in Dulbecco's modification of Eagle's medium containing bovine serum albumin at 1 mg/ml. The cells were then chilled, washed twice in Pi/NaCl/albumin, pH 6.8, and labeled for 10 min in 2 ml of PJ/NaCl containing bovine serum albumin at 10 mg/ ml and 10 Ag of 125I-Con A (150 cpm/ng) with or without amethyl mannoside at 10 mg/ml. The cells were washed thrice in P1/NaCl/albumin, pH 6.8, and once in Pi/NaCL pH 6.8, and fixed.
Antibodies. The cells were labeled in two stages. First, for 15 min in 2 ml of chilled growth medium supplemented with 0.02 M Hepes, pH 7.3, and either rat anti-HeLa cell antiserum or rat preimmunization serum, both at a dilution of 1:100. The cells were then washed twice in Pi/NaCl/albumin and labeled in 2 ml ofchilled growth medium containing 0.02 M Hepes, 7.3, and "NI-labeled rabbit anti-rat Ig (about 100 cpm/ng) at 50 ,ug/ ml for 20 min. The cells were then washed thrice in Pi/NaCl/ albumin and once in Pi/NaCl and fixed.
Autoradiography. In trial experiments, a large cloud ofgrains was frequently found around small colonies of labeled cells when they were autoradiographed. That is, labeled and stained material was streaking out ofcolonies when placed in the emul-.0_ 0 * sion. This problem was overcome by washing the fixed cells in 1% sodium dodecyl. sulfate at room temperature for 5 min, rinsing the flasks, and then drying the cells under a gentle stream of air. The cells were then covered with Ilford K5 nuclear emulsion, the gel being dissolved in an equal volume of water at 50°C. The drained flasks were left to dry over silica gel at room temperature in a light-tight box for about 12 hr and were then stored at 4°C. Trial flasks were developed periodically so that the differently labeled cells could be autoradiographed to about the same extent. The flasks were developed with Kodak D19, fixed with Kodafix, washed in water, and air dried. The flask tops were cut off so that the cells could be examined and photographed in a Zeiss microscope. Cells were stained with 0.025% crystal violet; the photograph shown of stained cells obviously shows not only the stain but also the grains. In order to minimize the difficulty of recording grains on the top and edges of cells due to the limited depth of focus of the microscope, flattish cells (in which depth of focus was not a serious problem) were photographed. Autoradiography was for 37 days (a) or 5 days (c). Scale bar is 0.5 mm.
RESULTS

Giant
Cell Biology: Bretscher Giant cells were chilled to 0C and briefly labeled with '"Itransferrin, '25I-LDL, 125I-Con A, or rat anti-HeLa cell antibodies followed by "2I-labeled rabbit anti-rat IgG. The cells were washed at 0C, fixed in glutaraldehyde, washed, air-dried, and autoradiographed. The developed autoradiograms were examined in a light microscope in bright field, either before or after staining with crystal violet to locate the cells. Fig. 1 shows two fields of giant cells: one labeled with transferrin to locate transferrin receptors, the other with a double layer ofantibodies to locate random HeLa cell surface antigens. The distribution ofgrains on cells labeled with antibodies (Fig.  ic) shows a fairly uniform labeling of the cell surfaces, as might be anticipated. By contrast, many cells labeled with transferrin show a pronounced edge labeling (Fig. la) . This uneven distribution is not obviously affected by growing the giant cells in cycloheximide at 100 ,ug/ml for 2 hr prior to labeling, thereby indicating that it is the existing transferrin receptors, and not just newly synthesized ones, that are being observed.
In a separate experiment, giant cells were grown in medium supplemented with LDL-free human serum to induce LDL receptors (8) . Selected cells, labeled in various ways, are shown in Fig. 2 . The preferential edge labeling of the transferrin receptors, seen in Fig. la , is present on about halfthe cells in such a culture. At higher magnification (and a lower level of autoradiography than in Fig. 1 ), this labeling is often strikingly nonuniform, as shown in Fig. 2 a-d . On round cells, the label is concentrated towards the cell periphery. On irregularly shaped cells, the label is concentrated on cell extensions. Thus, cells such as those shown in Fig. 2 b and d indicate that the preferential labeling seen does not simply occur at any edge. That these grains are a result of the specific binding of transferrin is shown by the absence of grains on a cell (Fig. 2e) labeled as in Fig. 2 a-d but in the presence of a 100-fold excess of unlabeled transferrin.
When the distribution of LDL receptors is examined by binding labeled LDL to these cells very similar results are found. Again, about half of the cells in the culture have an uneven distribution ofgrains, and this unevenness is always in the same direction: a higher density at the cell's periphery. Two cells are shown at high magnification in Fig. 2f and g. Again, this binding can be quenched by the inclusion in the labeling medium of a 60-fold excess of unlabeled LDL (Fig. 2h) .
When giant cells are labeled with either Con A or antibodies to HeLa cell surface antigens, the resulting distribution ofgrains on two cells is as shown in Fig. 2 i and k. The apparent grain distribution is about uniform. This is the general case, although there are cells that have a "veil" on their surface (as can be seen in phase microscopy or by staining the cell: the stained cell in Fig. 2j has a veil, seen as a perinuclear crescent) . In the scanning electron microscope this veil appears to be a region containing a much higher concentration ofmicrovilli, and, as would be expected from this, veils are often associated with a higher density ofgrains when labeled with Con A or antibodies. Rarely Proc. Nati. Acad. Sci. USA 80 (1983) 457 a veil may be peripherally located, giving rise to a somewhat higher density of grains along the periphery than elsewhere. But this edge labeling is quite distinct from the preferential edge labeling noted for the LDL and the transferrin receptors. DISCUSSION The aim of these experiments was to examine the distribution of the receptors for transferrin and LDL on the surface of giant HeLa cells. The simplest way to do this might be to use fluorescent transferrin or LDL. I chose instead to use autoradiography because it provides a more quantitative and permanent record of the distribution. But there are potential difficulties that must be considered. First, it is unknown whether the labels examined are on the dorsal or dorsal plus ventral surfaces ofthe cells. Second, it is assumed that radioactivity, seen as grains, is measured equally well at the cell periphery (where the cell lamella is very thin) and at the middle of the cell (where it may be a micrometer or more thick). These, and other possible artefacts, have been controlled by using two surface markers-an antiserum to whole HeLa cells and Con A. Both markers give approximately even distributions of grains over the cells' surfaces. The peripheral location of grains on many cells labeled with transferrin or LDL thus seems to show that the receptors for these two macromolecules are preferentially located at the cell periphery on round cells or on cell protrusions ofirregularly shaped cells.
The rationale for looking at the distribution of the receptors for transferrin and LDL on the surfaces of giant HeLa cells comes from two directions. (i) Marcus (9) had earlier shown that a newly synthesized membrane protein is added to the surface of giant HeLa cells at the cell's periphery in round cells, or at protrusions in irregularly shaped cells. (ii) The hypothesis of membrane flow suggests that endocytosed membrane is reinserted into the leading lamella of a motile fibroblast (10) . The nature of this circulating membrane now appears not to be average plasma membrane, but rather lipid and specific receptors (11) (12) (13) , including the receptors for transferrin and LDL. The sites of endocytosis are, however, not localized to one region, but occur in fibroblasts all over their surfaces (14) . Although round giant HeLa cells have no obvious leading lamellae, their circular shape suggests that they are moving in all directions at once and therefore that the entire circumference may be comparable with a motile fibroblast's leading edge. Ifthis is so, then circulating receptors would be expected to be re-added there when they return to the cell surface. This separation ofthe sites of exocytosis (the leading edge) from the sites of endocytosis (all over the cell) could lead to an interesting situation: if the distance between them were sufficiently great, the receptors might not have sufficient time to diffuse across the cell before being re-endocytosed and returned to the cell's leading edge. Now the residence time for both the transferrin receptor on the surface of normal HeLa cells (15) 125I -LDL (f and g), '25I-LDL plus excess unlabeled LDL (h), 25I-Con A (i), 125I-Con A plus a-methyl mannoside at 10 mg/ml (j), rat anti-HeLa cell antiserum followed by 125I-labeled rabbit anti-rat IgG (k), rat preimmune serum followed by 251I-labeled rabbit anti-rat IgG (1). Autoradiography was for 17 days (a-e), 7 days (f-h), 3 days (i and j), or 2 days (k and 1). All cells are at the same magnification; scale bar is 0.1 mm.
docytosed membrane is returned to the cell surface at the cell's periphery or leading edge. However, other interpretations are possible: for example, there could be a region around the cell's middle from which these receptors are excluded, although the gradient of grains seen on cells such as that shown in Fig. 2d seems to argue against this. Alternatively, the uneven distribution on round cells might be caused by a deficit ofcoated pits, which bind these receptors, towards the center of these cells, but this seems not to be the case (unpublished data).
The simplest general conclusion is, I believe, that reinsertion ofendocytosed membrane does occur at the cell's leading edge on motile cells. Anderson et at (14) found that the distribution of LDL receptors on primary human fibroblasts is roughly random at this level ofresolution. These cells, which are about the same size as giant HeLa cells, contain an extensive stress fiber network and are thus unlikely to be motile (17, 18) . The difference in distributions ofLDL receptors on these two cell types may therefore reflect the difference in their motile behaviors.
